Background
medical records and pathology reports. Follow-up information including patient outcome and the interval between the date of surgical resection and death was collected. Data from patients lost to follow-up or those who had died from causes other than CRC were censored.
Ethical statement
All samples were obtained from surgically resected tumors examined pathologically at the Department of Pathology, Seoul National University Bundang Hospital. All samples and medical record data were anonymized before use in this study and the participants did not provide written informed consent. The use of medical record data and tissue samples for this study was approved by the Institutional Review Board of Seoul National University Bundang Hospital (reference: B-1210/174-301).
Tissue array method
Surgically resected primary CRC specimens were formalin-fixed and paraffin-embedded (FFPE). For each case, representative areas of the donor blocks were obtained and rearranged into new recipient blocks (Superbiochips Laboratories, Seoul, South Korea) [16] . A single core was 2 mm in diameter and those containing > 20% tumor cells were considered valid cores.
Dual-color silver in situ hybridization
The c-MYC gene was visualized by using a blue-staining system (ultraView silver in situ hybridization [SISH] dinitrophenol [DNP] detection kit and c-MYC DNP probe, Ventana Medical Systems, Tucson, AZ, USA). The centromere of chromosome 8 (CEP8) was visualized by using a red-staining system (ultraView red ISH digoxigenin [DIG] detection kit and chromosome 8 DIG probe, Ventana Medical Systems). Positive signals were visualized at 60 × magnification and counted in 50 non-overlapping tumor cell nuclei for each case (Fig 1) [17] . Small and large clusters were scored as 6 and 12 signals, respectively.
Immunohistochemistry
IHC analysis of c-MYC was carried out using a commercially available rabbit anti-c-MYC antibody (clone Y69, catalog ab32072, Abcam, Burlingame, CA, USA). The staining procedures were carried out using the ultraView Universal DAB kit (Ventana Medical Systems) and an automated stainer (BenchMark 1 XT, Ventana Medical Systems), according to the manufacturer's instructions. Nuclear immunostaining of c-MYC was negative in normal mucosa. For statistical analysis, c-MYC nuclear staining of any intensity in greater than 10% of neoplastic cells was scored as positive (S2 Fig) [10] .
Microsatellite instability
Microsatellite instability (MSI) was assessed in CRC cases with available tissue. MSI results were generated by comparing the allelic profiles of 5 microsatellite markers (BAT-26, BAT-25, D5S346, D17S250, and S2S123) in the tumor and corresponding normal samples. Polymerase chain reaction (PCR) products from the FFPE tissues were analyzed using an automated DNA sequencer (ABI 3731 Genetic Analyser, Applied Bio systems, Foster City, CA, USA) according to the protocol described previously [18] .
TaqMelt-based real-time PCR assay designed to detect the presence of 21 KRAS mutations in codons 12, 13, and 61. The workflow and testing process have been described previously [19] .
Statistical analyses
The association between the clinicopathological features and c-MYC status was analyzed using the chi-square or Fisher's exact test, as appropriate. The correlation between the detection methods was examined using the Pearson correlation coefficient. The patients' survival was analyzed by using the Kaplan-Meier method and the log-rank test was used to determine if there were any significant differences between the survival curves. Univariate and multivariate regression analysis were performed by using Cox's proportional hazards model to determine the hazard ratio and 95% confidence intervals for each factor. A P-value < 0.05 was accepted as statistically significant. All statistical analyses were performed using the SPSS statistics 21 software (IBM, Armonk, NY, USA).
Results

c-MYC gene status and clinical implications for consecutive primary CRC patients
In consecutive primary CRC cases (cohort 1), the median c-MYC:CEP8 ratio was 1.29 (range, 0.58-5.17). c-MYC gene amplification, defined by a c-MYC:CEP8 ratio 2.0 and similar to that established for HER2 [20] , was detected in 31 (8.4%) of 367 patients. The mean c-MYC GCN was 2.88 (range, 1.22-13.12). In the present study, we defined the GCN gain as 4.0 c-MYC copies/nucleus [21] , and this was detected in 63 (17.2%) of 367 CRC patients. All c-MYC amplification was included in c-MYC GCN gain. A c-MYC GCN gain 4 had the lowest Pvalue (P = 0.015) and thus, was observed to be the most predictive cut-off point for patient prognosis (Fig 2) ; 5.0 c-MYC copies/nucleus also influenced patient prognosis (P = 0.026). There was no significant association between patient prognosis and either c-MYC amplification (P = 0.149) or > 2, 3, and 6 c-MYC copies/nucleus (P = 0.752, P = 0.175, and P = 0.122, respectively). Table 1 shows the relationships between c-MYC status and the clinicopathological parameters in consecutive primary CRCs (cohort 1). Amplification of c-MYC correlated with earlystage disease (P = 0.039). c-MYC GCN gain was frequently observed in sigmoid colon and rectum tumors (P = 0.034), small tumors (P = 0.041), and those classified as microsatellite stable or MSI-low (P = 0.029).
Prognostic significance of c-MYC gene status in CRC patients
All CRC patients were successfully followed up for inclusion in the survival analysis (Fig 2) . In cohort 1, the mean follow-up period was 55 months (range, 1-85 months) and 101 (27.5%) patients died during the follow-up period. Kaplan-Meier analysis showed that c-MYC GCN gain was significantly associated with poor survival in CRC patients (P = 0.015), but c-MYC amplification was not (P = 0.149). In the stage II-III subgroup, c-MYC-GCN gain also predicted poor prognosis (P = 0.034). Multivariate analysis of c-MYC status is summarized in Table 2 , and showed that c-MYC-GCN gain independently predicted poor prognosis in the consecutive cohort (P < 0.001) and in the subgroup of patients with stage II-III CRC (P = 0.040).
Correlation between the c-MYC GCN gain and protein overexpression
Overexpression of c-MYC protein was detected in 201 (54.8%) of 367 CRC patients (cohort 1) and was associated with early pT stage (P < 0.001), low grade of histologic differentiation (P = 0.007), absence of perineural invasion (P = 0.025) and smaller size (P < 0.001) ( Table 1) . Overexpression of c-MYC protein was associated with GCN gain (ρ, 0.211; P < 0.001), which To evaluate the regional heterogeneity of c-MYC status, we examined tissue from 3 sites including the primary cancer, distant metastasis, and lymph-node metastasis for each patient with advanced CRC (cohort 2). In the primary tumors of cohort 2, the median c-MYC:CEP8 ratio was 1.14 (range, 0.57-2.97). c-MYC gene amplification was detected in 8 (5.3%) of 152 patients.
The mean c-MYC GCN was 2.97 (range, 1.40-9.94). c-MYC GCN gain was detected in 48 (31.6%) of 152 CRC patients. In addition, c-MYC GCN gain was found in 33 (21.7%) patients with distant metastatic tumors. Lymph-node metastasis was observed in 79 of 152 advanced CRC patients and c-MYC GCN gain was observed in 18 (22.8%) of these cases. The heterogeneity of c-MYC GCN gain according to tumor location is shown in Table 3 . Of 152 cases, discordance between c-MYC GCN gain in the primary tumor and distant metastasis was noted in 39 (25.7%) cases. Discordance between c-MYC GCN gain in the primary tumor and lymph-node metastasis was detected in 24/79 (30.4%) cases. Thus, regional heterogeneity of c-MYC GCN gain was quite common in advanced CRC. c-MYC GCN heterogeneity was not correlated with clinicopathological factors and prognosis (P > 0.05; data not shown).
There was no statistically significant correlation between the clinicopathological factors and c-MYC GCN gain in primary, distant metastatic, and lymph-node metastatic tumors from cohort 2 CRC patients (P > 0.05; data not shown). The mean follow-up time was 42 months (range, 1-105 months) and 67 patients (44.1%) died from cancer during the follow-up period. Kaplan-Meier analysis showed that patients with c-MYC GCN gain in the primary tumor had a poor outcome than those without, but this result was not statistically significant (P = 0.499). However, 3.0 c-MYC copies/nucleus in the primary tumor was significantly associated with a poor prognosis (P = 0.044; S1 Fig) . There was no significant correlation between the patients' prognosis and c-MYC GCN gain in distant or lymph-node metastases (P = 0.981 and P = 0.417, respectively; data not shown).
KRAS mutations in advanced CRC
The cobas KRAS test was performed on 152 primary tumors from advanced CRC cases (cohort 2). KRAS gene mutations were observed in 84 (55.3%) cases and were associated with tumors located in the right colon (P = 0.019), but were not correlated with other clinicopathological factors (P > 0.05; data not shown). Additionally, there was no statistical difference between the survival of CRC patients with mutated or wild-type KRAS (P = 0.688; data not shown). Of 68 cases with wild-type KRAS, c-MYC amplification was noted in 4 (5.9%) and a c-MYC GCN gain in 28 (41.2%). Of 84 cases with mutated KRAS, 4 showed c-MYC amplification (4.8%) and 20 (23.8%) revealed a c-MYC GCN gain. c-MYC GCN alterations occurred in patients with both wild-type and mutated KRAS. Therefore, c-MYC GCN alterations and KRAS mutations were not mutually exclusive.
Discussion
Although there have been several reports on c-MYC status in human cancers, there are no established criteria for GCN gain. Cancers with a c-MYC GCN gain are often associated with a poor prognosis. A previous study of mucinous gastric carcinoma showed that c-MYC amplification, defined as a c-MYC:CEP8 ratio > 2.0, was strongly correlated with the advanced stages of cancer [23] . Another report found an association between c-MYC amplification (> 4 copies/ cell in a minimum of 10% of tumor cells) and the advanced stages of ovarian cancer [21] . In a study of prostate cancer, the c-MYC GCN gain included the criterion of a c-MYC/CEP8 ratio > 1.5, and a poor prognosis was observed for patients in this category [24] . In recent research on adenocarcinoma of the lung, patients with > 2 c-MYC copies/nucleus were classified as having an increased c-MYC GCN, which was found to be an independent poor prognostic factor [25] . In CRC patients, it was reported that c-MYC amplification, defined as a c-MYC/ CEP8 ratio > 2, was frequently detected by using fluorescent in situ hybridization (9.0-14.2%), but was unrelated to clinical outcome and pathological data [26] . Therefore, we have applied diverse criteria to determine c-MYC amplification or GCN gain in this study, and have defined the c-MYC GCN gain as 4 copies/nucleus, because it had the lowest P-value for disease prognosis (Fig 2) . In cohort 1, the large consecutive cohort, CRC patients with a c-MYC GCN gain had a poor survival than those without (P = 0.015). Furthermore, in multivariate analysis, c-MYC GCN gain was a significant CRC prognostic factor, both in the consecutive cohort and for those with stage II-III disease. The predictive value of the c-MYC GCN was found to be independent of known prognostic factors. The c-MYC GCN gain criteria used in the present study, together with the SISH method, may be useful in assessing CRC patients because it clearly identified patients expected to have poor survival, regardless of the c-MYC:CEP8 ratio.
In cohort 2, we showed that there was c-MYC GCN regional heterogeneity between the primary site and its related metastases. A c-MYC GCN gain (c-MYC GCN 4.0) in the primary cancer was not significantly associated with poor survival (P = 0.499; S1 Fig), which might be because all of cohort 2 consisted of advanced CRC patients with synchronous and metachronous metastasis and cohort 2 was largely comprised of stage IV CRC (98 cases; 64.5%). They received a variety of personalized treatment respectively and these might reflect the statistical insignificance. Interestingly, we applied slightly non-restrictive criteria of GCN gain (c-MYC GCN 3.0) and its prognosis was changed to statistically significant (P = 0.044; S1 Fig) . In a broad sense, c-MYC GCN gain of primary cancer tends to correlated with poor survival in advanced CRC. On the other hand, c-MYC status in distant and lymph-node metastatic lesion was not related to patient prognosis although we tried every possible GCN criteria. Even though, c-MYC heterogeneity was observed frequently in advanced CRC, a c-MYC GCN gain in the primary cancer was often associated with poor survival. Consequently, the c-MYC GCN in the non-metastatic lesion should be used when evaluating prognosis.
In a previous study, overexpression of c-MYC mRNA in CRC was found to be associated with a better prognosis [27] , but this result was contradicted by another study [28] . Christopher et al. recently demonstrated that c-MYC overexpression determined by IHC alone, was significantly associated with a better survival in CRC patients when assessed by univariate analysis, but not by multivariate analysis [10] . Interestingly, we found conflicting results in a previous c-MYC overexpression study; presumably, because c-MYC expression is controlled by a complex regulatory pathway involving multiple interactions with other molecules, rather than just simple GCN gain [29] . Furthermore, we found a weak correlation between c-MYC protein overexpression and GCN gain in CRC patients. c-MYC GCN gain was not observed in most c-MYC protein overexpression cases. Unlike the c-MYC GCN gain, overexpression of c-MYC protein was correlated with less aggressive features (Table 1) . These results suggest that c-MYC GCN gain is probably only partly responsible for protein overexpression. As overexpression of c-MYC is not the same as a c-MYC GCN gain, further research is needed to explain the difference of c-MYC overexpression and GCN gain in CRC tumorigenesis.
Mutations in KRAS are evident in 30-40% of colorectal tumors [30] [31] [32] . Indeed, previous studies reported that a KRAS mutation was associated with resistance to anti-epidermal growth factor receptor (EGFR) monoclonal therapy and a poor survival [33] [34] [35] . In our study, KRAS mutations were present in 55.3% of advanced CRC patients (cohort 2) and were not associated with prognosis. It may be because we investigated KRAS mutation status in advanced CRC patients. Phipps et al. also reported that KRAS-mutation status was not associated with poor disease specific survival in cases who presented with distant-stage CRC [33] . c-MYC amplification was observed in 5.9% of wild-type KRAS and 4.8% of mutated KRAS CRCs. A c-MYC GCN gain was observed in 41.2% of wild-type KRAS and 23.8% of mutated KRAS CRCs. It is noteworthy that these 2 genetic events were not mutually exclusive. Further studies are required to investigate the possibility of using c-MYC genetic alterations as therapeutic targets in advanced CRC patients with primary and secondary resistance to anti-EGFR therapies.
In summary, we comprehensively analyzed the c-MYC gene status of CRC patients by using SISH. c-MYC GCN gain and amplification were observed in 17.2% and 8.4% of consecutive CRC patients, respectively. The c-MYC GCN gain was an independent poor prognostic factor, both in the consecutive cohort and in the subgroup of patients with stage II-III disease. These findings show that c-MYC status can be used to predict the prognosis of CRC patients, and may inform future studies on the pathogenesis and mechanisms involved in the progression of CRC. 
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